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1
POWER SAVING WI-FI TETHERING

BACKGROUND

Wi-Fi tethering, which may also be referred to as a mobile
hotspot, allows a mobile device to establish an Internet con-
nection via a network interface and then share the Internet
connection with other mobile devices via a Wi-Fi interface.
For example, a Wi-Fi tethering device may connect to the
Internet and then act as a mobile software access point
(SoftAP) for the other devices located within a threshold
distance from the Wi-Fi tethering device. The Wi-Fi tethering
device may route data packets between the network interface
and its Wi-Fi interface so that the other devices may use the
Internet connection.

Wi-Fi tethering is desirable because it allows multiple
devices to share one data plan with a service provider (e.g., a
user pays for one device to have the capability to access the
network and an Internet connection). Accordingly, the user(s)
of the other devices do not have to establish and pay for a
dedicated data plan for each of the other devices. Further-
more, Wi-Fi tethering may leverage mobile telephone data
networks, which provide ubiquitous access to a network con-
nection. Thus, a device without a dedicated data plan (e.g.,
mobile telephone network subscription) is able to access an
Internet connection via the Wi-Fi tethering device that has a
data plan in an area where no other Internet connections are
available to the other device.

However, operating a mobile hotspot via Wi-Fi tethering
significantly increases the power consumption of the Wi-Fi
tethering device, and thereby reduces operation time when
the Wi-Fi tethering device is powered by a battery. For
example, when the Wi-Fi tethering device operates as a
SoftAP and shares an Internet connection, the Wi-Fi interface
of the Wi-Fi tethering device is always in a high power con-
sumption state even when the Wi-Fi tethering device is not
exchanging data packets with or routing data packets to the
other devices (e.g., there is no data traffic being communi-
cated through the Wi-Fi tethering device). This greatly
reduces the energy stored in a power supply (e.g., battery) of
the Wi-Fi tethering device.

Conventional approaches to saving power on a Wi-Fi teth-
ering device may automatically turn off the Wi-Fi tethering
interface of a Wi-Fi tethering device after it has been inactive
for a period of several minutes. Moreover, the conventional
approaches require a user to manually re-establish a Wi-Fi
connection after the Wi-Fi tethering interface of the Wi-Fi
tethering device is turned off, which results in a poor user
experience.

SUMMARY

The techniques discussed herein reduce the power con-
sumption of a Wi-Fi tethering device by switching the Wi-Fi
functionality of the Wi-Fi tethering device from a normal
operational mode to a sleep mode during idle intervals. The
techniques implement a sleep protocol where a Wi-Fi tether-
ing device and a Wi-Fi client device coordinate and establish
a sleep schedule. Moreover, the techniques describe a sleep
interval adaptation algorithm to establish sleep duration inter-
vals for the sleep schedule. The sleep interval adaptation
algorithm may be configured to determine the sleep duration
intervals based at least on data packet exchange patterns
associated with different applications executing on the Wi-Fi
client device and/or different operations being performed by
the Wi-Fi client device. Using the techniques described
herein, the Wi-Fi tethering device and/or the Wi-Fi client
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device are able reduce a power consumption rate of their
respective power supplies when sharing an Internet connec-
tion via Wi-Fi interfaces.

This Summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This Summary is not intended to
identify key or essential features of the claimed subject mat-
ter, nor is it intended to be used as an aid in determining the
scope of the claimed subject matter. The term “techniques,”
for instance, may refer to system(s), method(s), computer-
readable instructions, module(s), algorithms, and/or tech-
nique(s) as permitted by the context above and throughout the
document.

BRIEF DESCRIPTION OF THE CONTENTS

The detailed description is presented with reference to
accompanying figures. In the figures, the left-most digit(s) of
areference number identifies the figure in which the reference
number first appears. The use of the same reference numbers
in different figures indicates similar or identical items.

FIG. 1 illustrates an example overview of the techniques
discussed herein.

FIG. 2 illustrates example device architecture for imple-
menting the Wi-Fi tethering device, in accordance with vari-
ous embodiments described herein.

FIG. 3 illustrates example device architecture for imple-
menting the Wi-Fi client device, in accordance with various
embodiments described herein.

FIG. 4A illustrates an example sleep request data packet, in
accordance with various embodiments described herein.

FIG. 4B illustrates an example sleep response data packet,
in accordance with various embodiments described herein.

FIG. 5 illustrates an example timing interaction, in accor-
dance with various embodiments described herein.

FIG. 6 illustrates an example sleep schedule, in accordance
with various embodiments described herein.

FIG. 7 illustrates an example power saving process for a
Wi-Fi tethering device, in accordance with various embodi-
ments described herein.

FIG. 8 illustrates an example power saving process for a
Wi-Fi client device, in accordance with various embodiments
described herein.

DETAILED DESCRIPTION

Overview

The following description sets forth techniques to reduce
power consumption of a Wi-Fi tethering device by switching
a Wi-Fiinterface of the Wi-Fi tethering device to a sleep mode
to save power. In order to switch the Wi-Fi interface of the
Wi-Fi tethering device to sleep mode, the techniques imple-
ment a sleep protocol during which the Wi-Fi tethering device
sends a sleep request to the Wi-Fi client device and the Wi-Fi
client device responds with a sleep response to establish a
sleep schedule and/or sleep duration intervals (i.e., the
devices agree upon a sleep schedule). The techniques further
describe a sleep interval adaptation algorithm that determines
and defines the sleep duration intervals based on data packet
exchange (e.g. traffic) patterns between the Wi-Fi tethering
device and the Wi-Fi client device. In various embodiments,
the data packet exchange patterns relate to a content fetching
phase and/or a content consuming phase for the Wi-Fi client
device, as further discussed herein.

The sleep protocol discussed herein helps alleviate
instances of packet loss during data packet exchange because
the Wi-Fi tethering device and the Wi-Fi client device com-
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municate and agree upon the sleep schedule. Accordingly, the
Wi-Fi client device is aware that the Wi-Fi tethering device is
in a sleep mode (e.g., power saving mode). Thus, the Wi-Fi
client device may buffer data packets during the sleep mode
instead of transmitting them to the Wi-Fi tethering device,
which potentially leads to packet loss (e.g., when the Wi-Fi
client device assumes the Wi-Fi tethering device is available
to receive packets, but it may not be available because the
Wi-Fi interface of the Wi-Fi tethering device is turned off).

The sleep interval adaptation algorithm discussed herein
may prevent an increase in network latency by determining a
sleep duration interval based on data packet exchange pat-
terns. Accordingly, the Wi-Fi interface of the Wi-Fi tethering
device may be turned on (e.g., woken up) when data packets
are expected to be received from and/or transmitted to the
Wi-Fi client device in accordance with an application execut-
ing on the Wi-Fi client device and/or operations being per-
formed by the Wi-Fi client device.

The aforementioned conventional approaches to saving
power on a Wi-Fi tethering device may automatically turn off
the Wi-Fi tethering interface of the Wi-Fi tethering device
when the Wi-Fi network is inactive for a time threshold of
several minutes (e.g., when there is no Wi-Fi data packet
exchange for several minutes). However, this conventional
time threshold is too long and fails to account for idle intervals
that are less than several minutes (e.g., less than three min-
utes). Thus, a Wi-Fi tethering device configured to save power
using the conventional approaches continues to operate in a
high power consumption state (e.g., several minutes) even
when there may not be any data packet exchanges. Moreover,
the conventional approaches often result in a poor user expe-
rience at least because a user has to manually re-enable and/or
re-establish the Wi-Fi connection. For example, once a Wi-Fi
client device has already downloaded content for a long news
article (e.g., a content fetching phase as further discussed
herein), the Wi-Fi tethering interface may turn off after sev-
eral minutes while a user of the Wi-Fi client device is reading
the long news article (e.g., a content consuming phase as
further discussed herein). Consequently, when the user clicks
on another link to download another news article, he/she may
have to re-enable the Wi-Fi connection after it is turned off.

Furthermore, the conventional approaches may also use
periodic time synchronization to align timing clocks which
help coordinate automatically turning off the Wi-Fi tethering
interface of the Wi-Fi tethering device when the Wi-Fi net-
work is inactive for a time threshold of several minutes.
However, the conventional time synchronization approaches
still use a high level of power consumption at least because
the periodic time synchronization requires a large amount of
energy.

In contrast to the conventional approaches, the techniques
discussed herein take advantage of sleeping opportunities
(e.g., idle times) that are less than several minutes (e.g., less
than three minutes). The techniques identify the idle times for
a Wi-Fi interface of a Wi-Fi tethering device and switch the
Wi-Fi interface of the Wi-Fi tethering device to a sleep mode
during these idle times to reduce power consumption. In
various embodiments, the techniques determine the idle times
in accordance with data packet exchange patterns corre-
sponding to various applications being executed on and/or
operations being performed by the Wi-Fi client device. For
example, the various applications and/or operations may be
associated with news reading applications (e.g., newspaper
articles, sports articles, periodicals, research papers, etc.),
online book reading applications (e.g., novels, non-fiction
books, etc.), video streaming applications (e.g., short videos,
long videos, news clips, sports highlights, etc.), Internet or
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World Wide Web search applications, maps and/or directions
applications, electronic mail (email) applications, Rich Site
Summary (RSS) reader applications, social network applica-
tions, gaming applications, communication applications, or
any other application and/or functionality often performed by
mobile devices. The various applications may behave differ-
ently on different Wi-Fi tethering devices (e.g., different
operating systems, different network interfaces, compatibil-
ity restrictions, display space, etc.). Moreover, measurements
associated with packet inter-arrival intervals for these various
applications show that the Wi-Fi network and the Wi-Fi inter-
face of a Wi-Fi tethering device may be idle up to 90% of a
total amount of time that one or more of the various applica-
tions are being executed on the Wi-Fi client device. Accord-
ingly, actual data packet exchange between the Wi-Fi tether-
ing device and the Wi-Fi client device is sparse and may occur
in concentrated areas (e.g., bursts of activity in short segments
of time), thereby providing opportune idle intervals.

Thus, the techniques discussed herein take advantage of
the idle intervals (e.g., less than several minutes) to reduce the
power consumption rate of the Wi-Fi tethering device and/or
the Wi-Fi client device by switching Wi-Fi interfaces from a
normal operational (e.g., active) mode to a sleep mode when
the Wi-Fi tethering device identifies one of the idle intervals.
Ilustrative Architecture

FIG. 1 shows an illustrative architecture 100 that may
employ the described techniques. To this end, architecture
100 includes a Wi-Fi tethering device 102, one or more Wi-Fi
client devices 104(1) . . . 104(N), and one or more providers
106(1) . . . 106(N). The Wi-Fi tethering device 102 may be
coupled to the one or more providers 106(1) . . . 106(N) via
one or more network(s) 108 such that the Wi-Fi tethering
device 102 can access, receive and/or download content
stored at and/or provided by the one or more providers
106(1) . . . 106(N). Accordingly, the one or more providers
106(1) . . . 106(N) may be a collection of server devices
associated with service providers (e.g., Internet access pro-
vider, mobile telephone network provider, virtual private net-
work (VPN), etc.) and/or content providers (e.g., web content
servers, file servers, etc.). Moreover, providers 106(1) . . .
106(N) may be implemented in a distributed computing envi-
ronment (e.g., cloud services, etc.) or in a non-distributed
computing environment (e.g., a server farm, etc.).

Invarious embodiments, the network(s) 108 may include a
mobile telephone network (MTN) (e.g., 3G, 4G), a local area
network (“LLAN™), a larger network such as a wide area net-
work (“WAN™), and/or any other networking or communica-
tion technology capable of permitting the Wi-Fi tethering
device 102 to retrieve content stored on and/or provided by
the one or more providers 106(1) . . . 106(N). Moreover, the
network(s) 108 may be wired, wireless, or a combination
thereof.

In various embodiments, the Wi-Fi tethering device 102 is
a mobile device that may be powered by a battery or other
power supply 110 (e.g., an expendable power supply). For
example, the mobile device may be a laptop computer, a
mobile telephone, a smart phone, a personal digital assistant
(PDA), a tablet device, a media player, a gaming device, or
any other computing device that can connect to network(s)
108 and share access to network(s) 108 with the one or more
Wi-Fi client devices 104(1) . . . 104(N) via a Wi-Fi network
112 (e.g., a Wi-Fi connection). In at least one embodiment,
the Wi-Fi tethering device 102 may also be a desktop com-
puter or other stationary device.

In various embodiments, the Wi-Fi tethering device 102
comprises one or more processor(s) 114 and a memory 116.
Furthermore, the Wi-Fi tethering device 102 may include an
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access point (AP) Wi-Fi power saving module 118. As dis-
cussed herein, the access point Wi-Fi power saving module
118 is configured to manage and control the power supply 110
by coordinating a sleep schedule that will reduce the power
consumption rate of the Wi-Fi tethering device. Therefore,
the AP Wi-Fi power saving module 118 helps preserve the life
of the power supply 110.

The processor(s) 114 may be a single processing unit or a
number of units, all of which could include multiple comput-
ing units. The processor(s) 114 may be implemented as one or
more microprocessors, microcomputers, microcontrollers,
digital signal processors, central processing units, state
machines, logic circuitries, shared-memory processors, and/
or any devices that manipulate signals based on operational
instructions. Among other capabilities, the processor(s) 114
may be configured to fetch and execute computer-readable
instructions stored in the depicted modules and/or memory
116.

The memory 116 (and other memory described herein)
may comprise computer-readable media including, at least,
two types of computer-readable media, namely computer
storage media and communications media.

Computer storage media includes volatile and non-vola-
tile, removable and non-removable media implemented in
any method or technology for storage of information such as
computer readable instructions, data structures, program
modules, or other data. Computer storage media includes, but
is not limited to, RAM, ROM, EEPROM, flash memory or
other memory technology, CD-ROM, digital versatile disks
(DVD) or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices,
or any other non-transmission medium that can be used to
store information for access by a computing or server device.

In contrast, communication media may embody computer
readable instructions, data structures, program modules, or
other data in a modulated data signal, such as a carrier wave,
or other transmission mechanism. As defined herein, com-
puter storage media does not include communication media.

In various embodiments, the one or more Wi-Fi client
devices 104(1) . . . 104(N) may also be a mobile device that
may be powered by a battery or other power supply 120. For
example, the mobile device may be a laptop computer, a
mobile telephone, a smart phone, a PDA, a tablet device, a
media player, a gaming device, an image recording device, or
any other computing device that can connect to the Wi-Fi
tethering device 102 via the Wi-Finetwork 112. In at least one
embodiment, the Wi-Fi client devices 104(1) . . . 104(N) may
also be a desktop computer. Moreover, each of the Wi-Fi
clientdevices 104(1) . . . 104(N) may also include one or more
processors 122 and a memory 124. The one or more proces-
sors 122 and the memory 124 may be the same as, or similar
to, the processors 114 and memory 116 discussed above with
respect to the Wi-Fi tethering device 102.

In various embodiments, each of the Wi-Fi client devices
104(1) . . . 104(N) may include a client Wi-Fi power saving
module 126 that communicates with the AP Wi-Fi power
saving module 118 on the Wi-Fi tethering device 102 to
coordinate and establish the sleep schedule. Each of the mod-
ules is discussed in greater detail below.

FIG. 2 illustrates an example computing architecture 200
of various components included in the example Wi-Fi tether-
ing device 102 of FIG. 1. In various embodiments, the Wi-Fi
tethering device 102 includes network interface(s) 202 and a
Wi-Fi network interface 204. The network interface(s) 202
may include hardware and/or software configured to connect
the Wi-Fi tethering device 102 to the network(s) 108 so that
the Wi-Fi tethering device can access, request, receive, and/or

10

15

20

25

30

35

40

45

50

55

60

65

6

download content provided by and stored at the providers
106(1) . ..106(N). The network interface(s) 202 can facilitate
communications within a wide variety of networks and pro-
tocol types, including wireless networks (e.g., WLAN, MTN,
satellite, etc.) and/or wired networks (e.g. LAN, cable, etc.).
For example, the network interface 202 may be a 3G inter-
face, a 4G interface, or another mobile communication inter-
face.

The Wi-Fi network interface 204 may include hardware
and/or software configured to establish the Wi-Fi network(s)
112 (e.g., Wi-Fi connection) which permit the Wi-Fi tethering
device 102 to share a connection to providers 106(1) . . .
106(N) via the network(s) 108 using the network interface(s)
202. Thus, the Wi-Fi tethering device 102 may act as a mobile
software access point (SoftAP) for the Wi-Fi client devices
104(1) . . . 104(N). In various embodiments, the hardware
and/or software may include routers, drivers, controllers, or a
combination thereof.

In various embodiments, the AP Wi-Fi power saving mod-
ule 118 may include an access point (AP) sleep scheduling
module 206 and a sleep interval determination module 208.
The AP sleep scheduling module 206 may be configured to
coordinate a sleep schedule for the Wi-Fi network interface
204 ofthe Wi-Fitethering device 102. Accordingly, in various
embodiments, the AP sleep scheduling module 206 may be in
a normal mode 210, a pre-sleep mode 212, and a sleep mode
214 (e.g., three “soft” states for the AP Wi-Fi power saving
module 118 of the Wi-Fi tethering device 102), and may
manage the Wi-Fi network interface 204 by switching the
Wi-Fi network interface 204 between a normal state of com-
munication and a sleep state (e.g., two “hard” states for the
Wi-Fi network interface 204 of the Wi-Fi tethering device
102).

In various embodiments, the normal mode 210 of the AP
sleep scheduling module 206 may be an operational mode
where the Wi-Fi tethering device 102, via the Wi-Fi network
interface 204 being in a normal state, is active and may
transmit and/or receive data packets (e.g., exchange data
packets) with the Wi-Fi client device 104 in a normal manner.
Data packets exchanged when the AP sleep scheduling mod-
ule 206 is in the normal mode of Wi-Fi communication may
be referred to as “normal” data packets (e.g., content request
packets, content downloading packets, etc.). The pre-sleep
mode 212 of the AP sleep scheduling module 206 may also be
an operational mode where the Wi-Fi tethering device 102,
via the Wi-Fi network interface 204 being in a normal state,
remains active and may still transmit and/or receive data
packets with the Wi-Fi client device 104. However, the AP
sleep scheduling module 206 enters the pre-sleep mode 212
after a sleep request packet is sent to the Wi-Fi client device
104 and while the AP sleep scheduling module 206 is waiting
for a sleep response packet from the Wi-Fi client device 104.
Accordingly, the Wi-Fi network interface 204 may be in the
normal “hard” state of communication when the AP sleep
scheduling module 206 is in normal mode 210 and pre-sleep
mode 212, and the Wi-Fi interface 204 may be in a sleep
“hard” state when the AP sleep scheduling module 206 is in
sleep mode 214.

In various embodiments, the sleep mode 214 may be a
non-operational mode of the sleep protocol where the AP
sleep scheduling module 206 turns oft the Wi-Fi network
interface 204 of the Wi-Fi tethering device 102 to save power
for the power supply 110. The AP sleep scheduling module
206 may turn off the Wi-Fi network interface 204 after a valid
sleep response packet is received from the Wi-Fi client device
104 while the AP sleep scheduling module 206 is in the
pre-sleep mode 212, as further discussed herein. In various
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embodiments, the sleep mode 214 may be a non-operational
state where the AP sleep scheduling module 206 completely
shuts down the Wi-Fi interface 204 (e.g., no communication
in the sleep state). In an alternative embodiment, the sleep
mode 214 may be areduced power operational state where the
AP sleep scheduling module 206 does not completely shut
down the Wi-Fi network interface 204, but rather, restricts or
limits the Wi-Fi functionality (e.g., limited communications
in the sleep state).

In various embodiments, the sleep interval determination
module 208 determines and/or defines a sleep duration inter-
val that is communicated to the Wi-Fi client device 104 (e.g.,
in a sleep request packet) so that the Wi-Fi client device 104
can agree upon the sleep schedule. The sleep schedule may
include one or more sleep slots, as further discussed herein.
The sleep interval determination module 208 may determine
that the sleep duration interval be set in accordance with a
short sleep stage 216 or a long sleep stage 218. The sleep
interval determination module 208 may determine that the
sleep duration be set in accordance with a short sleep stage
216 or a long sleep stage 218 based on a determination or
implication that an application executing on the Wi-Fi client
device 104 may be in a content fetching phase or a content
consuming phase.

For instance, the content fetching phase occurs when a user
of'the Wi-Fi client device 104 requests and downloads, via the
Wi-Fi network 112, content from a provider 106(N) (e.g., a
remote Web server). The content consuming phase occurs
while the user of the Wi-Fi client device 104 spends time to
consume the content after it has been downloaded (e.g., read
the text, watch video, listen to audio, read/write an email,
etc.). Accordingly, the time that a user takes to consume the
content in the content consuming phase may vary from a few
seconds to tens of seconds, and up to longer periods of times
(e.g., multiple minutes or even an hour when reading a book).
The content consuming phase may depend on the application
being executed on the Wi-Fi client device 104 and/or the
functionality being performed by the user of the Wi-Fi client
device 104. During the content consuming phase, data packet
exchange with the Wi-Fi tethering device 102 may not be
necessary, and therefore, the Wi-Fi network 112 may be
mostly idle.

In various embodiments, idle times for the Wi-Fi network
interface 204 may also result because the bandwidth available
to a network connection (e.g., network(s) 108) may be lower
when compared to the bandwidth available to a Wi-Fi net-
work connection (e.g., Wi-Fi network 112). For example, the
bandwidth of a 3G network connection for a smart phone is
much lower than that of a Wi-Fi connection for the smart
phone. Thus, the round trip times (RTTs) associated with
content access/retrieval for the 3G network connection are
larger when compared to the Wi-Fi network connection. A
RTT is the amount of time that a device has to wait for a first
response packet after sending a content request packet. For
example, the RTT may include time associated with a
Domain Name Server (DNS) lookup and/or time associated
with making a transmission control protocol (TCP) connec-
tion to the content server. Consequently, the Wi-Fi interface
204 of the Wi-Fi tethering device 102 often has to wait for
data to be received from and/or transmitted over the 3G net-
work connection. This waiting may result in additional idle
times for the Wi-Fi interface 204.

In various embodiments, the memory 116 of the Wi-Fi
tethering device 102 may also include the power supply 110,
a packet buffer 220, a display interface 222, an operating
system (OS) 224 (e.g., different OSs based on the manufac-
turer of the Wi-Fi tethering device 102), one or more appli-
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cations 226 (e.g., news reading applications, online book
reading applications, video streaming applications, searching
applications, email applications, maps and directions appli-
cations, RSS reader applications, browsers, gaming applica-
tions, music applications, imaging applications, etc.). Addi-
tionally, the Wi-Fi tethering device may also include the
power supply 110 and one or more input device(s) 228.

In various embodiments, the display interface 222 may be
any type of display interface known in the technical field.
Moreover, the one or more input device(s) 228 may include
any type of input associated with mobile devices (e.g., touch
input, keypad input, keyboard input, audio input, and so
forth).

In various embodiments, the packet buffer 220 may store
normal data packets that arrive or are received while the Wi-Fi
tethering device 102 is in sleep mode and/or the Wi-Fi net-
work interface 204 is in a sleep state, as further discussed
herein.

FIG. 3 illustrates an example computing architecture 300
of various components included in the example Wi-Fi client
device 104 of FIG. 1. In various embodiments, the Wi-Fi
client device 104 includes a Wi-Fi network interface 302. The
Wi-Fi client device 104 may also include other network inter-
faces that may be used independent of the Wi-Fi network
interface 302. These network interfaces may be the same as,
or similar to, the network interfaces 202 ofthe Wi-Fi tethering
device 102. The Wi-Fi network interface 302 may include
hardware and/or software configured to establish the Wi-Fi
network(s) 112 (e.g., Wi-Fi connection) which permit the
Wi-Fi client device 104 to access, as a beneficiary, a shared
connection to providers 106(1) . . . 106(N) via the network(s)
108. The shared connection may be accessed via the Wi-Fi
tethering device 102, as discussed above.

In various embodiments, the client Wi-Fi power saving
module 126 may include a client sleep scheduling module
304. The client sleep scheduling module 304 may be config-
ured to communicate with the AP sleep scheduling module
206 so that the AP sleep scheduling module 206 can coordi-
nate a sleep schedule for Wi-Fi network interface 204 of the
Wi-Fi tethering device 102, as discussed above and further
discussed herein. Accordingly, in various embodiments, the
client sleep scheduling module 304 may help the AP sleep
scheduling module 206 coordinate a sleep schedule for Wi-Fi
network interface 204 by implementing and/or communicat-
ing a normal mode 306 and/or a block mode 308 for Wi-Fi
communication. The normal mode 306 is a counterpart opera-
tional mode to the normal mode 210 and/or the pre-sleep
mode 212 of the Wi-Fi tethering device 102, where the Wi-Fi
interface 302 of the Wi-Fi client device 104 is active and may
transmit and/or receive data packets with the Wi-Fi tethering
device 102 in a normal manner.

In various embodiments, the block mode 308 is a mode of
the sleep protocol where the client Wi-Fi power saving mod-
ule 126 blocks the data packet transmissions of the Wi-Fi
client device 104. Moreover, in the block mode 308, the Wi-Fi
client device 104 knows that the Wi-Fi network interface 204
of'the Wi-Fi tethering device 102 is also sleeping (i.e., in the
sleep state). In various embodiments, the Wi-Fi client device
104 may configure the block mode 308 in association with
power saving standards defined in IEEE 802.11 for Wi-Fi
clients such as “PM_Max” or “PM_Fast”.

In various embodiments, the memory 124 of Wi-Fi client
device 104 may also include a packet buffer 310, a display
interface 312, an OS 314, and one or more applications 316
(i.e., the same or similar applications discussed above). More-
over, the Wi-Fi client device 104 may also include the power
supply 120 and one or more input device(s) 318.
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The display interface 312 and/or the one or more input
devices 318 of the Wi-Fi client device 104 may be the same as,
or similar to, the display interface 222 and the one or more
input devices 228 of the Wi-Fi tethering device 102, as dis-
cussed above.

In various embodiments, the client Wi-Fi power saving
module 126 may be implemented as a loadable module

FIGS. 4A and 4B illustrate example sleep protocol packets
exchanged between the Wi-Fi tethering device 102 and the
Wi-Fi client device 104. FIG. 4A is directed to an example
sleep request packet sent by the Wi-Fi tethering device 102 to
the Wi-Ficlient device 104. FIG. 4B is directed to an example
sleep response packet sent by the Wi-Fi client device 104 to
the Wi-Fi tethering device 102 after receiving the sleep
request packet.

In various embodiments, both the sleep request packet and
the sleep response packet may be transmitted as a Wi-Fi
unicast data packet. The format of a Wi-Fi unicast data packet
may include a header (e.g., 802.11 header) and three fields.
The “Type” field indicates the packet type. For example, in
FIG. 4A “0x1” may indicate a sleep request packet. In FIG.
4B, “0x2” may indicate a sleep response packet. The
“Sequence Number” field may be a unique identifier (ID) that
identifies a sequential sleep request-sleep response pair. The
“Sequence Number” field may start at zero and increase by
one for each new sleep request transmitted by the Wi-Fi
tethering device 102 to the Wi-Fi client device 104. The
“Sleep Duration” field specifies an amount of time (e.g., in
milliseconds or other timing metric) that the AP sleep sched-
uling module 206 of the Wi-Fi tethering device 102 requests
to place the Wi-Fi network interface 204 into the sleep state.
The client sleep scheduling module 304 may also switch from
normal mode 306 to block mode 308 based on the sleep
duration information communicated in the sleep request
packet and the sleep response packet.

In various embodiments, the sleep duration may be a fixed
period of time based on a timing value defined in an adaptive
algorithm or an adaptive period of time determined and pro-
vided by the adaptive algorithm, as further discussed herein.

In various embodiments, the sequence numbers and sleep
durations are decided and communicated by the Wi-Fi teth-
ering device 102 that is operating as a SoftAP. If the Wi-Fi
client device 104 decides to accept a sleep request commu-
nicated by the Wi-Fi tethering device 102, then the Wi-Fi
client device 104 may copy the sequence number and the
sleep duration from the sleep request packet and include the
same sequence number and the same sleep duration in the
sleep response packet to show agreement to the proposed
sleep schedule. In various embodiments, the client sleep
scheduling module 304 of the Wi-Fi client device 104 may
only send a sleep response packet when it wants to accept the
sleep request. If the Wi-Fi client device 104 does not want to
agree to the sleep request (e.g., the Wi-Fi client device 104
does not want the Wi-Fi tethering device 102 to turn off the
Wi-Fi network interface 204 because, for example, it has
normal data packets to transmit to the Wi-Fi tethering device
102), then the Wi-Fi client device 104 may choose to not send
a sleep response packet.

Accordingly, in various embodiments, the AP sleep sched-
uling module 206 may only be able to switch from normal
mode 210, to pre-sleep mode 212, and then ultimately to sleep
mode 214 when the Wi-Fi client device 104 agrees to sleep. In
this way, the Wi-Fi client device 104 will know that the Wi-Fi
tethering device 102 is sleeping (e.g., the AP sleep scheduling
module is in sleep mode 214 and the Wi-Fi network interface
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204 is in a sleep state) and potential packet loss will likely be
avoided (e.g., a packet communicated while the Wi-Fi teth-
ering device 102 is sleeping).

It is understood in the context of this document, that other
protocols and/or formats may be used to communicate sleep
requests and sleep responses. Thus, the data packets depicted
in FIGS. 4A and 4B are non-limiting examples.

FIG. 5 illustrates an example timing interaction between
the Wi-Fi tethering device 102 and the Wi-Fi client device
104. The example timing interaction begins while the AP
sleep scheduling module 206 is in normal mode 210 moni-
toring data packet exchanges between the Wi-Fi tethering
device 102 and the Wi-Fi client device 104. At time t,, the AP
sleep scheduling module 206 may identify the start of an idle
interval. If the measured idle interval reaches and passes a
pre-defined threshold amount of time (e.g., 150 ms), the AP
sleep scheduling module 206 configures and sends a sleep
request packet (e.g., with a sequence number and sleep dura-
tion as depicted in FIG. 4A) to the Wi-Fi client device 104 at
time t;. The AP sleep scheduling module 206 of the Wi-Fi
tethering device 102 then switches from the normal mode 210
to the pre-sleep mode 212 during which it awaits a sleep
response from the Wi-Fi client device 104.

In various embodiments, after receiving the sleep request
packet, the Wi-Fi client device 104 decides whether to accept
the sleep request or decline the sleep request. If the Wi-Fi
client device 104 decides to accept the sleep request, the client
sleep scheduling module 304 configures and sends a sleep
response packet (e.g., depicted in FIG. 4B) to the Wi-Fi
tethering device 102. The client sleep scheduling module 304
may then switch from normal mode 306 to block mode 308.
In at least one embodiment, the client sleep scheduling mod-
ule 304 copies the sequence number and sleep duration from
the sleep request packet and includes the same sequence
number and the same sleep duration in the sleep response
packet.

Attimet,, the AP sleep scheduling module 206 receives the
sleep response packet from the Wi-Fi client device 104 and
may check the sequence number and sleep duration to verify
a match. If there is a match, then the Wi-Fi tethering device
102 discerns that the Wi-Fi client device 104 has agreed to
sleep, and the AP sleep scheduling module 206 switches from
pre-sleep mode 212 to sleep mode 214 and puts the Wi-Fi
network interface 204 into the sleep state.

At time t5, the sleep duration interval, or the amount of
sleep time, communicated in the sleep request packet expires
or passes and the AP sleep scheduling module 206 wakes up
or turns on the Wi-Fi interface 204 and operates the Wi-Fi
interface 204 in the normal mode 210 until time t,. In various
embodiments, the example timing interaction may then
repeat itself when another measured idle interval reaches and
passes the pre-defined threshold amount of time. In other
embodiments, the Wi-Fi tethering device 102 may send
another sleep request packet at time t; when the sleep duration
interval expires and the Wi-Fi tethering device 102 has no
buffered normal data packets to send to the Wi-Fi client
device 104.

Accordingly, in association with these repetitive scenarios,
the AP sleep scheduling module 206 of the Wi-Fi tethering
device 102 may send a subsequent sleep request packet with
a new sequence number (e.g., incremented by one) and
another sleep duration that may be the same sleep duration or
a different sleep duration determined by the sleep interval
determination module 208, as further discussed herein.

In various embodiments, if the Wi-Fi client device 104
decides to decline the sleep request instead of accept the sleep
request, then the client sleep scheduling module 304 does not
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send the sleep response packet. This example scenario may
occur when the Wi-Fi client device 104 determines that it has
one or more normal data packets to send in the normal mode
306. As discussed above, during the normal mode (e.g., 210
and 306) of Wi-Fi communication the Wi-Fi tethering device
102 and the Wi-Fi client device 104 may exchange data pack-
ets associated with content requests/responses and content
downloading (e.g., the content fetching phase). Accordingly,
instead of sending the sleep response packet, the Wi-Fi client
device 104 may send a normal data packet in the normal mode
306 of Wi-Fi communication and the Wi-Fi tethering device
102 learns that the Wi-Fi client device 104 has decided not to
switch to the block mode 308 at least because it has data
packets to communicate in the normal mode 210 and 306 of
Wi-Fi communication. Consequently, instead of switching
from the pre-sleep mode 212 to the sleep mode 214, the AP
sleep scheduling module 206 may switch from the pre-sleep
mode 212 back to the normal mode 210 when a data packet
other than a sleep response packet is received in response to
sending a sleep request packet. This example scenario of
declining the sleep request reduces overhead of the sleep
protocol described herein at least because a sleep response
packet may only be transmitted when the Wi-Fi client device
104 does not have any normal data packets to transmit in the
normal mode 306, and thus, the Wi-Fi client device 104
decides to agree to a sleep schedule (e.g., a sleep duration
interval specified in the sleep request packet).

In various embodiments, when the AP sleep scheduling
module 206 is in sleep mode 214, the Wi-Fi tethering device
102 may not be configured to receive any normal data packets
from the Wi-Fi client device 104 and/or the Wi-Fi tethering
device 102 may not be configured to send any normal data
packets to the Wi-Fi client device 104. Thus, when the AP
sleep scheduling module 206 is in sleep mode 214 and the
Wi-Fitethering device 102 receives normal data packets from
the one or more providers 106(1) . . . 106(N) via the network
interface(s) 202, the Wi-Fi tethering device 102 may buffer
the data packets received from the one or more providers
106(1) . . . 106(N) in the packet buffer 220 during the sleep
mode time period. The buffered data packets may then be
communicated to the Wi-Fi client device 104 when the AP
sleep scheduling module 206 wakes up the Wi-Fi network
interface 204 and operates the Wi-Fi network interface 204 in
the normal state (e.g., at time t; in FIG. 5).

In various embodiments, when the client sleep scheduling
module 304 is in block mode 308, the Wi-Fi client device 104
may not be configured to transmit any normal data packets to
the Wi-Fitethering device 102. Rather, the Wi-Fi client device
104 bufters normal data packets to be sent in the packet buffer
310. The buffered data packets may be associated with the
execution or operation of the OS and/or the one or more
applications 316, as discussed above. In at least one embodi-
ment, the client sleep scheduling module 304 of the Wi-Fi
client device 104 is configured to switch to the normal mode
306 when the Wi-Fi client device 104 receives a normal data
packet from the Wi-Fi tethering device 102 after the AP sleep
scheduling module 206 on the Wi-Fi tethering device 102
wakes up the Wi-Finetwork interface 204 (as illustrated in the
example timing interaction of FIG. 5). In at least one other
embodiment, the client sleep scheduling module 304 of the
Wi-Fi client device 104 is configured to switch from block
mode 308 to normal mode 306 when the agreed upon sleep
duration expires.

In various embodiments, if the Wi-Fi client device 104
accepts the sleep request from the Wi-Fi tethering device 102
and agrees to sleep, then the client sleep scheduling module
304 may send a “null data” indication, and then switch to
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block mode 308 (e.g., sleeping). In at least one embodiment,
the client sleep scheduling module 304 may include the “null
data” indication in the sleep response packet (e.g., setting a
flag in the header). In an alternative embodiment, the client
sleep scheduling module 304 may send the “null data” indi-
cation as a separate data packet before sending the sleep
response packet. The “null data” indication may signal to the
Wi-Fi tethering device 102 that the Wi-Fi client device 104
will sleep immediately (e.g., the client sleep scheduling mod-
ule 304 will switch to a block mode 308), and thus, the Wi-Fi
tethering device 102 will know that the Wi-Fi client device
104 is sleeping.

As shown in the example timing interaction of FIG. 5, the
sleep protocol discussed herein is able to coordinate and
schedule sleeping opportunities for the Wi-Fi tethering device
102 without having to periodically synchronize timing clocks
on the Wi-Fi tethering device 102 and the Wi-Fi client device
104. A resulting property of the sleep protocol is that the
Wi-Fi client device 104 may deduce that the Wi-Fi tethering
device 102 will not be awake while the Wi-Fi client device
104 is sleeping at least because the Wi-Fi tethering device 102
may only sleep when the Wi-Fi client device 104 agrees to
sleep (e.g., the Wi-Fi client device 104 will not send a packet
when the Wi-Fi network interface 204 on the Wi-Fi tethering
device 102 is in the sleep state in accordance with an agreed
upon sleeping schedule). This resulting property helps avoid
packet loss that may occur when the Wi-Fi client device 104
incorrectly thinks that the Wi-Fi tethering device 102 is
awake, but it is actually sleeping.

In various embodiments, the sleep interval determination
module 208 determines or defines a sleep duration interval to
include in the “Sleep Duration” field in the sleep request
packetin FIG. 4 A, or any other format for a sleep request. The
sleep duration interval may be associated with the short sleep
stage 216 or the long sleep stage 218. Moreover, the sleep
duration interval may be a pre-defined fixed duration or a
variable duration adapted based on a sleep history (e.g., sleep
cycles associated with previous idle intervals).

As discussed above, the sleep interval determination mod-
ule 208 uses the short sleep stage 216 and the long sleep stage
218 to address data packet exchange patterns corresponding
to the content fetching phase and the content consuming
phase, respectively, of the applications executing on, and the
operations being performed by, the Wi-Fi client device 104.
Accordingly, the sleep interval determination module 208
may set the sleep duration intervals based on the data packet
exchange patterns indicating that the Wi-Fi client device 104
is likely in the content fetching phase or the content consum-
ing phase.

In various embodiments, the sleep duration for the content
fetching phase may be a pre-defined sleep duration (e.g., a
fixed time period). For example, the pre-defined sleep dura-
tion for the content fetching phase may be between 100 ms
and 300 ms (e.g., it may be set to 100 ms). The sleep duration
for the content consuming phase may also be a pre-defined
sleep duration. For example, the pre-defined sleep duration
for the content consuming phase may be between 300 ms and
one second (e.g., it may be set to 500 ms).

Furthermore, in various embodiments, the sleep interval
determination module 208 may determine a sleep duration
interval using an adaptive algorithm that iteratively probes
and updates an optimal sleep duration for the short sleep stage
216 based on previous sleep cycles and/or idle intervals (e.g.,
a sleep history). A sleep cycle is a successive collection of
continuous sleep slots that are not interrupted by normal data
packet exchange. The AP sleep scheduling module 206
sequentially communicates the sleep duration intervals in the



US 9,247,495 B2

13

sleep request packets based on the sleep slots. For example,
the Wi-Fi tethering device 102 may initially place the Wi-Fi
network interface 204 to sleep for a sleep duration interval of
300 ms (e.g., a first sleep slot) using the sleep request/sleep
response protocol. Then the Wi-Fi tethering device 102 may
wake up the Wi-Fi network interface 204 after 300 ms and
realize that there are no normal data packets buffered in the
packet buffer 220. Therefore, the Wi-Fi tethering device 102
may deduce that there are no normal data packets ready to
send to the Wi-Fi client device 104. The Wi-Fi tethering
device 102 may then send another sleep request requesting to
place the Wi-Fi network interface 204 in a sleep state for
another 100 ms (e.g., a second sleep slot). If this sleep request
is accepted by the Wi-Fi client device 104, then the sleep cycle
would be 400 ms (i.e., combining the first sleep slot and the
second sleep slot).

A sleep cycle may include one, two, three, four or however
many sleep slots that the devices agree upon before exchang-
ing normal data packets in the normal modes 214 and 306.
The sleep slots may be pre-defined time slots or variable time
slots (e.g., where the sleep duration interval is adapted in
accordance with data packet exchange patterns). The sleep
cycle may also vary in a total amount of sleep time also. Of
course, in various embodiments, the Wi-Fi client device 104
may not agree to the sleep request when it determines that
normal data packets are buffered in the packet buffer 310.
Rather, the Wi-Fi client device 104 would send a normal data
packet instead of a sleep response packet thereby ending the
sleep cycle.

In at least one embodiment, the sleep interval determina-
tion module 208 uses the following illustrative adaptive algo-
rithm:

ACTIVE:
Measure the “Wi-Fi Network idle time”
SHORT__SLEEP:
if (“Wi-Fi Network idle time” > thresh)
first = true
sleep for a time period of init;
while (1)
cur = first? init : (cur+step) first = false;
if receive or transmit a packet
if (cur < init)
init = max(init — step, min);
pre = cur; goto ACTIVE;
if ((cur > init + step) && (pre > init + step))
init = min(init + step, max);
if (cur >=thresh_1)
pre = cur; goto LONG__SLEEP;
sleep for a time period of step;
LONG__SLEEP:
while(1)
sleep for a time period of long;
if receive or transmit a packet;
goto ACTIVE;

The adaptive algorithm provided above (or a similar algo-
rithm) may be configured to determine an optimal sleep dura-
tion interval such that the AP sleep scheduling module 206
can wake up the Wi-Fi network interface 204 shortly before
an expected normal data packet may arrive from the one or
more providers 106(1) . . . 106(N) in accordance with data
packet exchange patterns. Additionally, the adaptive algo-
rithm provided above may be configured to determine an
optimal sleep duration interval so that the AP sleep schedul-
ing module 206 can wake up the Wi-Fi network interface 204
shortly before the Wi-Fi client device 104 may want to trans-
mit a normal data packet to the Wi-Fi tethering device 102. In
various embodiments, the optimal sleep duration interval
determined by the adaptive algorithm may be the first sleep
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duration after an idle interval has been monitored and identi-
fied. In this sense, the Wi-Fi tethering device 102 and the
Wi-Fi client device 104 may not have to wake up and agree on
multiple continuous sleep duration intervals in the sleep
cycle.

In various embodiments, the sleep interval determination
module 208 may set and/or dynamically adjust one or more of
the parameter values in the adaptive algorithm provided
above based on idle intervals and/or data packet exchange
patterns associated with the applications executing on the
Wi-Fi client device 104. Accordingly, the sleep interval deter-
mination module 208 may use the adaptive algorithm to first
set one or more sleep duration intervals in accordance with
the short sleep stage 216 (e.g., the content fetching phase),
and then the sleep interval determination module 208 may
transition to setting one or more sleep duration intervals in
accordance with the long sleep stage 218 (e.g., content con-
suming phase), as further discussed herein.

Accordingly, in various embodiments, thresh may be a
value that is far less than the several minutes threshold used in
the conventional approaches. For example, thresh may be less
than a minute or even less than a second. In at least one
embodiment, thresh may be 150 ms. Normal packet inter-
arrival intervals that are less than 150 ms account for more
than 80%, and sometimes 90%, of all the normal data packets
communicated in association with news reading applications,
online book reading applications, video streaming applica-
tions, search applications, map and directions applications,
email applications, and RSS reader applications. Thus, the AP
sleep scheduling module 206 and/or the sleep interval deter-
mination module 208 may use the time of 150 ms as an idle
threshold (thresh) to determine whether or not to send a sleep
request and potentially switch the Wi-Fi network interface
204 from a normal state to a sleep state. In other embodi-
ments, thresh may be another value, e.g., 60 ms, 200 ms, 300
ms and so forth.

In various embodiments, the value min is the minimum
amount of time that the AP sleep scheduling module 206
and/or the sleep interval determination module 208 may put
the Wi-Fi network interface 204 in the sleep state. Since there
is limited power-saving benefit of turning the Wi-Fi network
interface 204 off for less than 100 ms due to energy overhead,
in at least one embodiment the sleep interval determination
module 208 may set the value of min to be 100 ms. In other
embodiments, the sleep interval determination module 208
may set the value of min to be a value higher than 100 ms (e.g.,
150 ms, 200 ms, 250 ms, etc.)

In various embodiments, the value max is the maximum
amount of time that the AP sleep scheduling module 206
and/or the sleep interval determination module 208 may put
the Wi-Fi network interface 204 into the sleep state. Due to
RTT and latency considerations for the network interface(s)
202, in at least one embodiment, the sleep interval determi-
nation module 208 sets max to a value of 500 ms. In other
embodiments, the sleep interval determination module 208
may set max to another value, e.g., 300 ms, 400 ms, 600 ms,
700 ms, one second and so forth.

In various embodiments, the value of init is a value that
varies between min and max, and the value init is adaptive so
that the optimal sleep duration interval can be determined in
accordance with the short sleep stage 216 and long sleep stage
218. The sleep interval determination module 208 may origi-
nally set the value init to min (a conservative starting value
when first=true, i.e., the first sleep slot for a sleep cycle). As
further discussed herein, the value of init may then be gradu-
ally increased until a normal data packet, not a sleep request
packet or sleep response packet, interrupts the sleep cycle.
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Accordingly, the sleep interval determination module 208 can
then update the value of init in accordance with a sleep cycle
history, and then use the updated value of init for the next
sleep cycle (e.g., after a normal data packet is communicated
and another idle interval of thresh is monitored). In various
embodiments, the value of init may also be decreased. Con-
sequently, the value of init is an adaptive value that may be
different for each separate sleep cycle that occurs between
normal data packet exchange.

In various embodiments, the AP sleep scheduling module
206 monitors the Wi-Fi network idle time. When the Wi-Fi
network interface 204 remains idle for a time period of thresh,
the AP sleep scheduling module 206 will first set the time
duration for a sleep request packet in accordance with the
short sleep stage by providing the value of init, which may
originally be min (e.g., 100 ms). Then, when the AP sleep
scheduling module 206 wakes up the Wi-Fi network interface
204 from the sleep state after init (e.g., 100 ms), the Wi-Fi
tethering device 102 will determine whether or not there are
any pending outgoing normal data packets (i.e. received from
the providers 106(1) . .. 106(N) and stored in the packet buffer
220) that need to be sent to the Wi-Fi client device 104. If
there are no pending outgoing normal data packets, the AP
sleep scheduling module 206 may send another sleep request
packet to the Wi-Fi client device 104, and the Wi-Fi client
device 104 will agree to another sleep interval duration if
there are no normal data packets buffered in the packet buffer
310 and ready to send to the Wi-Fi tethering device 102.
Accordingly, this another sleep request packet sent by the
Wi-Fi tethering device 102 may include a sleep duration
interval set in accordance with a value for step.

In various embodiments, the sleep interval determination
module 208 may set the value of step to be a fixed period of
time (e.g., 100 ms). In other embodiments, the sleep interval
determination module 208 may set step to be 150 ms, 200 ms,
250 ms, 300 ms, and so forth.

Thus, depending on a time when a normal data packet is
buffered and ready to be communicated by the Wi-Fi tether-
ing device 102 or the Wi-Fi client device 104, a total length of
the sleep cycle may vary based on the value of init (e.g., the
first sleep slot in the sleep cycle), and a number of step sleep
slots after init. Consequently, the sleep cycle may be referred
to as (init+N*step) wherein N is the number of continuous
step sleep slots added to the initial sleep duration interval
because no normal data packets are buffered and ready to be
communicated to, or from, the Wi-Fi tethering device 102.

As mentioned above, the adaptive algorithm used by the
sleep interval determination module 208 is configured to
adjust and update the value of init so that the AP sleep sched-
uling module 206 is able to reduce the number of “unneces-
sary wakeups” of the Wi-Fi network interface 204. An unnec-
essary wakeup occurs when the Wi-Fi network interface 204
is woken up from the sleep state, but no normal data packets
are ready to be sent or received. Accordingly, a good init value
will allow the Wi-Fi network interface 204 to sleep as long as
possible before waking up at an opportune time (e.g., just
before a normal packet is ready to be communicated).

Therefore, in various embodiments, the sleep interval
determination module 208 determines the init value by
exploiting the sleep history based on idle intervals (e.g., one
or more previous sleep cycles and/or frequency of receipt of
normal data packets). For example, the sleep interval deter-
mination module 208 may use the parameters cur and pre in
the adaptive algorithm to track the total length of successful
sleep slots in the current sleep cycle (cur) and that in the
previous sleep cycle (pre). That is, cur is a timing value that
may equal (init+(N-1)*step) because a sleep cycle ends after
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a “false” sleep slot, or step value, during which a normal data
packet arrives and is buffered for communication at the Wi-Fi
tethering device 102 or at the Wi-Fi client device 104. The
parameter pre may be referred to as an ongoing record of the
previous timing value cur. Using the values of cur and pre, the
sleep interval determination module 208 adjusts the value of
init with an update algorithm as follows:

Ifboth cur and pre are greater than the current value of init
plus step, the sleep interval determination module 208
increases init by step for the next sleep cycle (i.e., the
next idle interval of thresh).

If cur is less than the current value of init minus step, the
sleep interval determination module 208 decreases init
by step for the next sleep cycle.

As seen above, the update algorithm decreases the value of
init by considering the length of the current sleep cycle and
increases the value of init by considering the length of both
the current sleep cycle and the previous sleep cycle.

In various embodiments, the value of init is capped to the
value of max (e.g., 500 ms) to avoid excessive latency. In the
short sleep stage 216, if the Wi-Fi network interface 204 has
been in the sleep state (e.g., a current sleep cycle) for a time
period of thresh_1, then the AP sleep scheduling module 206
and/or the sleep interval determination module 208 may then
switch to the long sleep stage 218, where the Wi-Fi network
interface 204 may be put to sleep for a sleep duration interval
of max (e.g., 500 ms). In at least one embodiment, the long
sleep stage 218 is periodic such that the AP sleep scheduling
module 206 wakes up the Wi-Fi network interface 204 after
each max sleep duration interval to check, via the sleep pro-
tocol, if communication with the Wi-Fi client device 104 is
waiting (e.g., a normal data packet is buffered and waiting to
be communicated).

Accordingly, in various embodiments, the value of thresh_1
is a threshold value used by the sleep interval determination
module 208 to switch or transition the sleep duration interval
from short sleep stage 216 to the long sleep stage 218. In
various embodiments, the value of thresh_I may be set to
three seconds. In other embodiments, the value of thresh_l
may be set to another value, e.g., one second, two seconds,
four seconds, ten seconds, and so forth.

FIG. 6 illustrates an example sleeping schedule 600, where
the sleep duration determination module 208 determines the
sleep duration intervals (e.g., the sleep slots) in accordance
with selective parameters discussed in the adaptive algorithm.
FIG. 6 depicts a “time” axis. FIG. 6 is a small illustrative
timing segment of a complete sleep procedure (i.e., there may
be sleep cycles before and/or after those illustrated in FIG. 6).

A normal packet arrival time 602 is depicted below the time
axis (showing three sleep cycles, the first short sleep, the
second short sleep, and the long sleep) and sleep time 604
(e.g., multiple different sleep duration intervals as a small
segment of a complete sleep procedure) is depicted above the
time axis. Fach line or tick mark depicted in association with
the normal packet arrival time 602 represents a normal data
packet ready to be communicated by the Wi-Fi tethering
device 102 or the Wi-Fi client device 104 in the normal modes
of Wi-Fi communication. Timing considerations associated
with the sleep protocol (e.g., the sleep request packet and the
sleep response packet) are not included in FIG. 6. Moreover,
the time intervals in FIG. 6 may not be drawn to scale.

In FIG. 6, the value of init associated with the first short
sleep stage is 200 ms, the value of step is 100 ms, and the value
of'thresh is 150 ms. As shown in the content fetching phase of
FIG. 6, the AP sleep scheduling module 206 and the sleep
interval determination module 208 put the Wi-Fi interface
204 to sleep for 200 ms, or init (as illustrated above the time
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axis) after an idle network interval (i.e., no arrival of normal
data packets) of 150 ms, or thresh, has been reached and
passed (as illustrated below the time axis). After the sleep
interval duration of init, the AP sleep scheduling module 206
and the sleep interval determination module 208 continues
the sleep cycle for the Wi-Fi interface 204 for two steps of 100
ms (as illustrated above the time axis). In this example,
assume that the second of the two step sleep slots associated
with the first short sleep stage is a failed sleep slot because a
normal data packet has arrived, and therefore, the sleep cycle
ends.

Then, using the adaptive algorithm, the value of init may
update and increase to 300 ms, as depicted as init_ 2, for the
second short sleep stage. Accordingly, the AP sleep schedul-
ing module 206 and the sleep interval determination module
208 will put the Wi-Fi interface 204 in sleep mode for 300 ms
(e.g., init_ 2) followed by one more successtul 100 ms step
sleep slot before another normal data packet is buffered and
ready for communication.

Furthermore, as depicted in the content consuming phase,
after sleeping for a time period of thresh_1 (e.g., three sec-
onds), the AP sleep scheduling module 206 and the sleep
interval determination module 208 will put the Wi-Finetwork
interface 204 in the sleep state in accordance with a long sleep
stage 218 where the Wi-Fi network interface 204 will peri-
odically sleep for a time period of long or max (e.g., 500 ms).

Accordingly, the adaptive algorithm above may be
designed for the data exchange patterns of typical applica-
tions executing on the Wi-Fi client device 104. In various
embodiments, sleep duration intervals determined in accor-
dance with the short sleep stage 216 may be designed for the
Wi-Fi interfaces to sleep between a time when the Wi-Fi
client device 104 sends a content request intended for a pro-
vider 106(N) (e.g., a remote Web server) and a time when the
first response packet from the provider is received at the Wi-Fi
tethering device 102. This duration may be a RTT of a con-
nection using network(s) 108 (e.g., a 3G connection). More-
over, as shown in the FIG. 6 example, the value of init is
adapted based on a sleep cycle history.

Illustrative Processes

Example operations are described herein with reference to
FIGS. 7 and 8. The processes are illustrated as a logical flow
graphs, which represent a sequence of operations that can be
implemented in hardware, software, or a combination
thereof. In the context of software, the operations represent
computer-executable instructions that, when executed by one
or more processors, perform the recited operations. Gener-
ally, computer-executable instructions include routines, pro-
grams, objects, components, modules, data structures, and
the like that perform particular functions or implement par-
ticular abstract data types. The order in which the operations
are described is not intended to be construed as a limitation,
and any number of the described operations can be combined
in any order and/or in parallel to implement the process.

FIG. 7 illustrates an example process 700 directed to plac-
ing the Wi-Fi network interface 204 of the Wi-Fi tethering
device 102 in the sleep state.

At operation 702, the AP Wi-Fi power saving module 118
monitors the Wi-Fi network interface 204 for idle intervals
during normal mode 210. As discussed above, the idle inter-
vals may be short intervals in association with a content
fetching phase or longer intervals in association with a con-
tent consuming phase.

At operation 704, the AP Wi-Fi power saving module 118
determines if an idle interval has reached and passed a thresh-
old. If the idle interval has not reached the threshold (“No” at
operation 704), then the AP Wi-Fi power saving module 118

10

15

20

25

30

35

40

45

50

55

60

65

18

continues to monitor the Wi-Fi network interface 204 for idle
intervals by returning to operation 702. As discussed above,
the threshold may be pre-defined in accordance with mea-
sured data packet exchange patterns (e.g., thresh may be 100
ms, 150 ms, 200 ms, 250 ms, 300 ms and so forth)

If the idle interval has reached and passed the threshold
(“Yes” at operation 704), then at operation 706 the sleep
interval determination module 208 determines a sleep dura-
tion interval in accordance with the adaptive algorithm (i.e.,
the sleep duration interval may initially be a variable param-
eter init), as discussed above. The sleep interval determina-
tion module 208 may then pass the determined sleep duration
interval to the AP sleep scheduling module 206. In various
embodiments, the first sleep duration interval (e.g., init) of a
sleep cycle may be associated with a short sleep stage 216.

At operation 708, the AP sleep scheduling module 206
configures and sends, to the Wi-Fi client device 104, a sleep
request that includes the determined sleep interval duration.
For example, the AP sleep scheduling module 206 may send
the sleep request packet depicted in FIG. 4A. Moreover, when
the AP sleep scheduling module 206 sends the sleep request,
it may also switch from the normal mode 210 to the pre-sleep
mode 212.

At operation 710, the AP sleep scheduling module 206
determines whether or not the sleep request is accepted. For
example, the AP sleep scheduling module 206 may determine
that the sleep request is not accepted (e.g., rejected) by the
Wi-Fi client device 104 if a normal data packet is received
from the Wi-Fi client device 104 instead of a sleep response
packet. If a rejection occurs (e.g., “No” at operation 710),
then the AP Wi-Fi power saving module 118 continues to
monitor the Wi-Fi network interface 204 for idle intervals by
returning to operation 702.

If the AP sleep scheduling module 206 receives a sleep
response from the Wi-Fi client device 104 (e.g., the sleep
response packet in FIG. 4B), then at operation 712, the AP
sleep scheduling module 206 switches from the pre-sleep
mode 212 to the sleep mode 214 for the determined sleep
duration interval. Moreover, the AP sleep scheduling module
206 places the Wi-Fi network interface 204 in the sleep state.
In various embodiments, the AP sleep scheduling module 206
may only place the Wi-Fi network interface 204 in the sleep
state if the Wi-Fi client device 104 agrees to sleep (e.g., asleep
response packet with the same or copied sequence number
and sleep duration is received). Moreover, while in sleep
mode 214, the Wi-Fi tethering device 102 buffers normal data
packets received from the providers 106(1) . .. 106(N) that are
to be communicated to the Wi-Fi client device 104.

At operation 714, the AP sleep scheduling module 206
wakes up the Wi-Fi network interface 204 from the sleep state
when the agreed upon sleep duration interval has expired.

In various embodiments, at operation 716, the AP sleep
scheduling module 206 determines whether there is a normal
data packet in the packet buffer 220 that is ready to be com-
municated to the Wi-Fi client device 104. If there is a normal
data packet to communicate to the Wi-Fi client device 104
(“Yes” atoperation 716), the AP sleep scheduling module 206
switches from sleep mode 214 back to normal mode 210 and
operates the Wi-Fi network interface 204 so the buffered
normal data packets can be communicated at operation 718.

In various embodiments, if the AP sleep scheduling mod-
ule 206 determines that there are not any normal data packets
stored in the packet buffer 220 ready to communicate to the
Wi-Fi client device 104 (“No” at operation 716), then the AP
sleep scheduling module 206 may return to operation 706
where another sleep duration interval is accessed (e.g., a
pre-defined value for step) and the process continues from
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operation 706 by sending another sleep request. In this
example scenario, if the Wi-Fi client device 104 responds
with another sleep response, then the Wi-Fi network interface
204 may stay the sleep state and continue its sleep cycle (e.g.,
one or more sleep slots), as discussed above. In various
embodiments, the sleep duration interval provided in the
another sleep request may be associated with a short sleep
stage 216 or a long sleep stage 218 (e.g., the duration may be
a value associated with step, long, min, max, etc.).

In various embodiments, when the AP sleep scheduling
module 206 switches to normal mode at operation 718, then it
returns to operation 702 in the example process 700 of FIG. 7
and may repeat the process for multiple different network idle
times associated with a content fetching phases, a content
consuming phases, or a combination thereof, as illustrated in
FIG. 6, for example.

FIG. 8 illustrates an example process 800 directed to plac-
ing the client sleep scheduling module 304 of the Wi-Fi client
device 104 in block mode 308.

At operation 802, the client sleep scheduling module 304
of the Wi-Fi client device 104 is operating in normal mode
306. Accordingly, the Wi-Fi client device 104 may be
exchanging normal data packets with the Wi-Fi tethering
device 102 during a content fetching phase.

At operation 804, the Wi-Fi client device 104 receives a
sleep request from the Wi-Fi tethering device 102.

At operation 806, the client Wi-Fi power saving module
126 decides whether to reject (“No™) or accept (“Yes”) the
sleep request. In various embodiments, the client Wi-Fi
power saving module 126 may decide to reject the sleep
request when it has normal data packets to communicate to
the Wi-Fi tethering device 102. In this scenario the process
returns to operation 802. In contrast, the client Wi-Fi power
saving module 126 may decide to accept the sleep request
when there are normal data packets to communicate to the
Wi-Fi tethering device 102.

If the client Wi-Fi power saving module 126 decides to
accept the sleep request (““Yes™ at operation 806), at operation
808, the client sleep scheduling module 304 configures and
sends a sleep response to the Wi-Fi tethering device 102. In at
least one embodiment, the sleep response is a sleep response
packet discussed above with respect to FIG. 4B. In various
embodiments, the client sleep scheduling module 304 indi-
cates its acceptance by copying a sequence number and a
sleep duration interval, and including the sequence number
and the sleep duration interval in the response. Moreover, the
client sleep scheduling module 304 may switch from normal
mode 306 to block mode 308 for the sleep duration interval.

Atoperation 810, while in block mode 308, the Wi-Fi client
device 104 buffers any normal data packets to be communi-
cated to the Wi-Fi tethering device 102. As discussed above,
the Wi-Ficlient device 104, while in block mode 308, may not
receive any normal data packets from the Wi-Fi tethering
device 102 because the devices have agreed upon a sleep
schedule using the sleep request/sleep response protocol.

At operation 812, the Wi-Fi client device 104 may receive
a packet from the Wi-Fi tethering device 102. In various
embodiments, this packet is received after the agreed upon
sleep duration interval communicated in the sleep request
received at operation 804 has expired.

At operation 814, the client sleep scheduling module 304
determines if the packet received at operation 812 is a sleep
request packet. If the client sleep scheduling module 304
determines that the packet received at operation 812 is not a
sleep request packet, but rather a normal data packet, (“No” at
operation 814), then the client sleep scheduling module 304
switches from block mode 308 to normal mode 306 and
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returns to operation 802 where normal data packets that have
been buffered at the Wi-Fi tethering device 102 and/or the
Wi-Fi client device 104 are exchanged.

If the client sleep scheduling module 304 determines that
the packet received at operation 812 is a sleep request packet
(“Yes” at operation 814), then at operation 816, the client
sleep scheduling module 304 may determine whether normal
data packets were stored in the packet buffer 310 at operation
810. When no normal data packets have been stored in the
packet buffer 310 (“No” at operation 816), then the process
800 may return to operation 808 where the Wi-Fi client device
104 sends a sleep response packet to the Wi-Fi tethering
device 102 and the client sleep scheduling module 304
remains in block mode 308.

If the client sleep scheduling module 304 determines that
normal data packets have been stored in the packet buffer 310
(“Yes” at operation 816), then the client sleep scheduling
module 304 switches from block mode 308 to normal mode
306 and returns to operation 802 where the normal data pack-
ets that have been stored are exchanged between the Wi-Fi
tethering device 102 and the Wi-Fi client device 104.

Accordingly, the example process 800 of FIG. 8 may also
be repeated for multiple different network idle times associ-
ated with content fetching phases, content consuming phases,
ora combination thereof, as illustrated in FIG. 6, for example.

In various embodiments, the Wi-Fi tethering device 102
may support multiple different Wi-Fi client devices
104(1) . . . 104(N) (as illustrated in FIG. 1). Accordingly, the
Wi-Fi tethering device 102 may perform the example pro-
cesses in FIGS. 7 and 8 with each of the multiple different
Wi-Fi client devices 104(1) . . . 104(N). The Wi-Fi tethering
device 102 may only be able to put the Wi-Fi network inter-
face 204 to sleep only if it receives sleep responses, for a given
period of time, from each of the Wi-Fi client devices
104(1) . . . 104(N). Thus, it is understood that the Wi-Fi
tethering device 102 may not be able to sleep as much in a
multi-client scenario when compared to a single-client sce-
nario.

CONCLUSION

Although the subject matter has been described in lan-
guage specific to structural features and/or methodological
acts, it is to be understood that the subject matter defined in
the appended claims is not necessarily limited to the specific
features or operations described above. Rather, the specific
features and operations described above are described as
examples for implementing the claims.
What is claimed is:
1. A method comprising:
monitoring, during a normal operational mode, communi-
cations by a Wi-Fi network interface of a Wi-Fi tethering
device to identify an idle interval where no data packets
are exchanged between the Wi-Fi tethering device and a
Wi-Fi client device using the Wi-Fi network interface;

determining, at the Wi-Fi tethering device, that the idle
interval has reached or exceeded a pre-defined amount
of time;

determining, at the Wi-Fi tethering device, whether the

Wi-Fi client device is in a content fetching phase or a
content consuming phase;

determining, at the Wi-Fi tethering device, a sleep duration

interval based on whether the Wi-Fi client device is
determined to be in the content fetching phase or the
content consuming phase; and

switching the Wi-Fi network interface of the Wi-Fi tether-

ing device from the normal operational mode to a sleep
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mode for the sleep duration interval, the Wi-Fi tethering
device using less power while operating in the sleep
mode than while operating in the normal operational
mode.

2. The method recited in claim 1, further comprising:

receiving one or more data packets via a mobile telephone

network interface of the Wi-Fi tethering device after the
Wi-Fi network interface has switched to the sleep mode;
storing the one or more data packets in a buffer;
switching the Wi-Fi network interface from the sleep mode
to the normal operational mode in response to expiration
or passage of the sleep duration interval; and

sending the one or more data packets stored in the buffer to

the Wi-Fi client device via the Wi-Fi network interface.

3. The method recited in claim 1, further comprising:

generating a sleep request identifying the determined sleep

duration interval,

sending the sleep request from the Wi-Fi tethering device

to the Wi-Fi client device; and

receiving a sleep response from the Wi-Fi client device, the

sleep response accepting the sleep request,

wherein the switching the Wi-Fi network interface of the

Wi-Fi tethering device from the normal operational
mode to the sleep mode is performed responsive to
receiving the sleep response from the Wi-Fi client
device.

4. The method recited in claim 1, wherein the sleep dura-
tion interval is between a minimum threshold time and a
maximum threshold time, the minimum threshold time
selected to cause a reduction in power consumption during
the operation of the Wi-Fi tethering device, and the maximum
threshold time selected to avoid excessive latency.

5. The method recited in claim 4, wherein the minimum
threshold time is at least 100 milliseconds (ms) and less than
500 ms and the maximum threshold time is at least 500 ms.

6. The method recited in claim 1, further comprising:

determining the sleep duration interval based at least in part

on a length of a previous idle interval for the Wi-Fi
network interface of the Wi-Fi tethering device.

7. The method recited in claim 1, further comprising:

after the sleep duration interval expires, determining, at the

Wi-Fi tethering device, that the Wi-Fi client device is in
the content consuming phase, wherein the sleep duration
interval was determined based on the Wi-Fi client device
being in the content fetching phase;

determining, at the Wi-Fi tethering device and based at

least in part on the determining that the Wi-Fi client
device is in the content consuming phase, a subsequent
sleep duration interval, wherein the subsequent sleep
duration interval is greater than the sleep duration inter-
val;

generating a second sleep request to send from the Wi-Fi

tethering device to the Wi-Fi client device, the second
sleep request including the subsequent sleep duration
interval;
receiving a second sleep response at the Wi-Fi tethering
device from the Wi-Fi client device, the second sleep
response accepting the second sleep request; and

maintaining the Wi-Fi network interface in the sleep mode
for the subsequent sleep duration interval based at least
in part on the second sleep response.

8. The method recited in claim 7, wherein the content
fetching phase comprises a first period when data packets are
communicated between the Wi-Fi tethering device and the
Wi-Fi client device to download the content and the content
consuming phase comprises a second period after the first
period when data packet communication between the Wi-Fi
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tethering device and the Wi-Fi client device is suspended
while the downloaded content is being locally consumed at
the Wi-Fi client device.

9. The method recited in claim 1, wherein further compris-
ing:

determining the sleep duration interval based at least in part

on a frequency of receipt, by the Wi-Fi tethering device,
of data packets associated with one or more applications
executing on the Wi-Fi client device.
10. One or more computer storage media storing computer
executable instructions that, when executed, perform opera-
tions comprising:
identifying, during a normal mode of operation, a current
idle time for a Wi-Fi network interface of a Wi-Fi teth-
ering device, wherein no data packets have been
exchanged during the current idle time between the Wi-
Fi tethering device and a Wi-Fi client device using the
Wi-Fi network interface;

determining a previous sleep cycle duration of a previous
sleep cycle during which the Wi-Fi network interface of
the Wi-Fi tethering device was placed into a sleep mode;

based on the previous sleep cycle duration, determining an
initial sleep duration interval for a current sleep cycle;

coordinating a sleep schedule for the Wi-Fi network inter-
face during the current idle time, the coordinating
including an agreement between the Wi-Fi tethering
device and the Wi-Fi client device to switch the Wi-Fi
network interface from the normal mode of operation to
asleep mode for at least the initial sleep duration interval
for the current sleep cycle; and

switching the Wi-Fi network interface to the sleep mode for

at least the initial sleep duration interval for the current
sleep cycle.
11. The one or more computer storage media recited in
claim 10, wherein the coordinating operation is performed in
response to the current idle time passing a pre-defined thresh-
old amount of time.
12. The one or more computer storage media recited in
claim 11, wherein the pre-defined threshold amount of time is
less than three hundred milliseconds.
13. The one or more computer storage media recited in
claim 10, wherein the coordinating operation is performed in
accordance with a sleep communication protocol that com-
municates the agreement.
14. The one or more computer storage media recited in
claim 10, wherein the coordinating operation comprises:
including the initial sleep duration interval in a sleep
request and sending the sleep request from the Wi-Fi
tethering device to the Wi-Fi client device; and

receiving a sleep response from the Wi-Fi client device
indicating the agreement,

wherein the switching operation is performed responsive to

receiving the sleep response.

15. The one or more computer storage media recited in
claim 14, the operations further comprising:

sending additional sleep requests from the Wi-Fi tethering

device to the Wi-Fi client device; and

responsive to receiving additional sleep responses from the

Wi-Fi client device agreeing to the additional sleep
requests, extending the current sleep cycle.

16. A mobile computing device comprising the one or more
computer storage media recited in claim 10 and one or more
processors, wherein the computer executable instructions,
when executed by the one or more processors, cause the
mobile computing device to act as the Wi-Fi tethering device.
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17. A mobile device comprising:
one Or more processors;
a Wi-Fi network interface;
a mobile telephone network interface; and
one or more computer memories, coupled to the one or 3
more processors and storing:
a sleep interval determination module, operable by the one
or more processors, to determine one or more sleep
duration intervals for the Wi-Fi network interface of the
mobile device during an idle time of the Wi-Fi network
interface where data is not exchanged between the
mobile device and a Wi-Fi client device using the Wi-Fi
network interface; and
a sleep scheduling module, operable by the one or more
processors, to:
send one or more sleep requests to the Wi-Fi client
device, the one or more sleep requests respectively
communicating the one or more sleep duration inter-
vals;

receive one or more sleep responses from the Wi-Fi
client device that indicate an agreement for the Wi-Fi
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network interface to sleep for a period of time based at
least in part on the one or more sleep duration inter-
vals; and

switch the Wi-Fi network interface of the mobile device
from a normal mode of Wi-Fi communication to a
sleep mode for the period of time while continuing to
operate the mobile telephone network interface of the
mobile device.

18. The mobile device as recited in claim 17, wherein the
sleep interval determination module determines at least one
sleep duration interval of the one or more sleep duration
intervals based at least in part on a previous idle interval.

19. The mobile device as recited in claim 17, wherein the
sleep scheduling module further receives data packets over
the mobile telephone network interface during the sleep mode
of the Wi-Fi network interface and stores the data packets in
a packet buffer for future communication to the Wi-Fi client
device.

20. The mobile device of claim 17, wherein the mobile
telephone network interface is a 3G or 4G interface.
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